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ABSTRACT
The Survey of Ionized Gas of the Galaxy, Made with the Arecibo telescope (SIGGMA) provides a
fully-sampled view of the radio recombination line (RRL) emission from the portion of the Galactic
plane visible by Arecibo. Observations use the Arecibo L-band Feed Array (ALFA), which has a
FWHM beam size of 3′.4. Twelve hydrogen RRLs from H163α to H174α are located within the
instantaneous bandpass from 1225MHz to 1525MHz. We provide here cubes of average (“stacked”)
RRL emission for the inner Galaxy region 32◦ ≤ ℓ ≤ 70◦, |b| ≤ 1.5◦, with an angular resolution of 6′.
The stacked RRL rms at 5.1 km s−1 velocity resolution is ∼ 0.65mJybeam−1, making this the most
sensitive large-scale fully-sampled RRL survey extant. We use SIGGMA data to catalogue 319 RRL
detections in the direction of 244 known H ii regions, and 108 new detections in the direction of 79 H ii
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region candidates. We identify 11 Carbon RRL emission regions, all of which are spatially coincident
with known H ii regions. We detect RRL emission in the direction of 14 of the 32 supernova remnants
(SNRs) found in the survey area. This RRL emission frequently has the same morphology as the
SNRs. The RRL velocities give kinematic distances in agreement with those found in the literature,
indicating that RRLs may provide an additional tool to constrain distances to SNRs. Finally, we
analyze the two bright star-forming complexes: W49 and W51. We discuss the possible origins of
the RRL emission in directions of SNRs W49B and W51C.
Keywords: radio lines: ISM — H ii regions — catalogs — surveys
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1. INTRODUCTION
Radio recombination lines (RRLs) are ideal tracers of the ionized interstellar medium (ISM). In
contrast to observations at optical and near infrared (IR) wavelengths, RRLs are essentially unaffected
by interstellar extinction. They therefore provide a probe of ionized gas in the Galactic plane,
sampling the emission from H ii regions, photo-dissociation regions (PDRs), planetary nebulae (PNe),
supernova remnants (SNRs), and diffuse ionized gas. From the observed RRL parameters, one can
derive the physical properties of the emitting regions, such as the electron temperature, electron
density, emission measure (EM) from non-LTE models, the gas kinematics, and information about
thermal and turbulent motions.
There have been many pointed RRL surveys of individual Galactic H ii regions, beginning in the
1970s (e.g. Reifenstein et al. 1970; Wilson et al. 1970; Churchwell et al. 1978). Lockman (1989) cat-
aloged 462 H ii regions in the northern sky by observing RRLs at 3 cm wavelength toward Galactic
continuum sources. Caswell & Haynes (1987) carried out a comprehensive H ii survey of 316 H ii
regions in the southern sky using H109α & H110α. The Green Bank Telescope (GBT) H ii Region
Discovery Survey (GBT HRDS; Bania et al. 2010; Anderson et al. 2011, 2015) is the most recent
RRL survey of targeted sources. Its sample was selected by examining the IR and radio emission
of candidate H ii regions. With the sensitivity and powerful back-end of the GBT, the HDRS has
doubled the number of known H ii regions north of δ = −45◦, which is 340◦ ≤ ℓ ≤ 240◦ at b = 0◦.
There are few unbiased surveys of RRL emission toward the Galactic plane (e.g., Lockman 1976;
Anantharamaiah 1986; Roshi & Anantharamaiah 2000). Alves et al. (2010, 2012, 2015) used RRLs
within the bandpass of the H i Parkes All-Sky Survey (HIPASS; Staveley-Smith et al. 1996), which
covers 196◦ ≤ ℓ ≤ 360◦ in the third and fourth quadrants, and 0◦ ≤ ℓ ≤ 52◦ in the first quadrant,
both within |b| ≤ 5◦. They observed H166α, H167α, and H168α at L-band with a spatial resolution
of 14.4′ and a velocity resolution of 20 km s−1. Their typical rms noise in the stacked spectra is 4.5mK
(6.4mJybeam−1). The HI/OH/RRL survey with the Very Large Array (THOR; Beuther et al. 2016)
also produced RRL maps, with a smoothed angular resolution of 40′′ and a velocity resolution of
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10 km s−1. Their rms noise is ∼ 2.3mJybeam−1 by stacking 10 RRLs. Being an interferometric
survey, the THOR RRL data are not sensitive to emission from diffuse ionized gas.
We introduced the Survey of Ionized Gas in the Galaxy, made with the Arecibo Telescope (SIG-
GMA) in Liu et al. (2013, hereafter “Paper I”). SIGGMA is an RRL survey at 1.4GHz that fully
sampled the entire Galactic plane observable with the 305-m William E. Gordon Telescope at the
Arecibo Observatory. With an rms noise of ∼ 1mJybeam−1, SIGGMA remains the most sensitive
fully-sampled RRL survey.
In this paper, we present SIGGMA data from the inner Galaxy (32◦ ≤ ℓ ≤ 70◦). These inner-Galaxy
data were collected commensally with the Arecibo pulsar survey “P-ALFA” (Cordes et al. 2006;
Lazarus et al. 2015). In the outer Galaxy (175◦ ≤ ℓ ≤ 207◦), SIGGMA was observed commensally
with the ALFA zone of avoidance (ZOA) survey (McIntyre et al. 2015), which is still ongoing. The
survey data from the outer Galaxy will be discussed in a future paper. We describe the SIGGMA
observations and data reduction in Section 2 and Section 3 gives the H ii region catalogues as the
initial results of the survey. The distribution of RRL emission and derived free-free emission along the
Galactic disk are presented in Section 4. Section 5 and 6 discuss C-RRL regions and RRL detections
toward SNRs. We present details of RRL investigations toward two major star-forming complexes in
the survey area, W49 and W51, in Section 7. The summary follows in Section 8.
2. OBSERVATIONS AND DATA REDUCTION
We describe the observations and data reduction in fully Paper I, and only discuss the most im-
portant details here. We used the seven-beam Arecibo L-band Feed Array (ALFA)1 receiver for the
SIGGMA observations. ALFA’s beam pattern consists of six beams surrounding a central beam.
The average full width at half maximum (FWHM) of the seven beams is ∼ 3′.4. Three pointings of
the ALFA beam pattern together form a beam-sampled grid pattern (see Figure 1 of Paper I). The
data are calibrated in the normal fashion by position switching. We use off-positions that have the
same declination, but are separated by five minutes in right ascension from the on-positions. After
1 See http://www.naic.edu/alfa for more information.
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matching the on- and off-pairs, we correct the spectra using TON−TOFF
TOFF
× Tsys, where TON is the on-
source spectrum and TOFF is the off-source spectrum. The on-off calibration corrects the bandpass
gain curve, but because the off locations are only offset by one beam pattern, the survey data are
insensitive to structures larger than 1◦.25 in the R.A. direction. Therefore, unless there is a strong
spatial intensity gradient, RRL emission from the warm ionized medium (WIM) is difficult to detect
with SIGGMA data. We then apply a gain calibration of 11KJy−1 for the central beam (Beam 0)
and 8.5KJy−1 for Beams 1-62. The survey properties are given in Table 1.
Section 2.1 gives the observational status and shows the current survey sky coverage of the survey.
In Section 2.2, we describe the details of RRL stacking and show the quality of the spectra. Section 2.3
explains the method we use to produce data cubes. We discuss our radio frequency interference (RFI)
removal technique in Section 2.4.
Table 1. Properties of the survey products
Parameter Value
ℓ 32◦ to 70◦
b −1◦.5 to +1◦.5
FWHM 6′
Spectral resolution 5.1 kms−1
Velocity range −300 to +300 km s−1
Integration time 270 s
rms noise 0.65mJy beam−1 (∼ 6.5mK)
2.1. Observational progress
The inner Galaxy observations shown in Figure 1 are over 96% complete. The regions not yet
observed are mostly located at Galactic latitudes |b| > 1◦. The red dots show the pointings with
2 See http://www.naic.edu/alfa/performance/
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unusable data. The grid pattern of unusable data in the Galactic longitude range between 38◦ and 43◦
comes from ALFA Beam-6, which was malfunctioning in April 2011. The slant red streaks indicate
unusable data due to strong RFI or high system temperature.
As mentioned in Section 1, P-ALFA is the primary survey for the inner Galactic plane observations,
and SIGGMA is secondary. This means that SIGGMA has no direct control over which locations
are observed. Although the observations are still on-going, the areas that are not yet covered, as
well as those in the latitude range of |1.5|◦ to |2|◦, will not be completed soon. Nor will positions
with unusable data be re-observed. Since the areas of missing data are of less interest (having fewer
expected RRL detections), we are releasing the survey data at the current stage.
Figure 1. SIGGMA sky coverage within the inner Galactic plane (|b| ≤ 1◦.5). Each blue dot stands for a
pointing with good spectral quality. The red dots correspond to the pointings where the data are not usable
and hence are not included in the final data products. Blank areas are yet to be observed.
2.2. RRL stacking
We divide the corrected bandpass from each pointing into twelve Hnα sub-bands (H163α−H174α).
The frequency resolution is 21 kHz, giving a velocity resolution of 4.2 to 5.1 km s−1. The velocity
range of each sub-band is −300 to +300 km s−1, which covers the observed velocity distribution of
Galactic gas, provides an adequate number of data points for baseline fitting, and also encompasses
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Figure 2. The stacked Hnα spectrum from the
peak W49A region, with Gaussian fits. We label
the two velocity components of Hnα by Hnα-1 and
Hnα-2.
Figure 3. The rms distribution of the final spec-
tra, calculated from the RFI- and line-free chan-
nels of spectra (−300 to −200 km s−1 and +200 to
+300 km s−1)
the helium (offset by −122 km s−1 from that of hydrogen) and carbon (offset by −150 km s−1from that
of hydrogen) RRLs. After performing a 3rd order polynomial fitting to each spectrum individually,
we resample the twelve segments to a common velocity grid of 5.1 km s−1 resolution and then average
all segments to achieve a higher signal-to-noise ratio (S/N). The stacked spectra frequently have
irregular baseline ripples, especially when there is strong continuum emission within the beam. We
fit a 5th order polynomial baseline to all stacked spectra after masking data from velocities between
−50 and +150 km s−1. As an example, we show the final Hnα spectrum toward the center of W49A
in Figure 2.
There are ∼ 33, 000 raw stacked spectra in total. Figure 3 shows the rms noise distribution of the
stacked spectra, which peaks at ∼ 0.65 mJy beam−1 (∼ 6.5mK, obtained by applying an average gain
of 10 KJy−1). This agrees well with the expected rms of ∼ 0.5 mJybeam−1 given by Paper I. The
extension toward higher values in the rms distribution is caused by positions with bright continuum
emission.
Figure 4 gives the rms distribution as a function of Galactic longitude and latitude. Spectra within
|b| ≤ 0◦.5 are more likely to have high rms due to the higher density of continuum sources. We see
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this pattern in the plot of rms versus Galactic longitude, as the higher rms values correspond to
locations of large massive star formation complexes.
Figure 4. The rms distribution versus Galactic longitude (left) and latitude (right). The open red box is
the median of the 0◦.1 binned rms values and the red bars are their standard deviations.
2.3. Data cubes
After stacking, we use the software package Gridzilla (Barnes et al. 2001) to grid the stacked spectra
into data cubes. Each cube is 5◦ × 3◦ with a pixel size of 1′ × 1′, and has 5.1 km s−1 channel spacing
covering −300 to +300 km s−1. The beam weighting is set to be proportional with the beam FWHM
of 3′.4. We apply a Gaussian smoothing with the kernel FWHM of 6′, ∼ 2 beam widths to fill in
gaps where we lack usable data. The spectrum of each pixel is then generated from the weighted
median of the stacked spectra within a cut-off radius of 4′. These cubes of stacked RRL emission are
the primary data product of SIGGMA, and are the basis of all analysis that follows in this paper.
2.4. Bad data removal
RFI is prevalent in the SIGGMA data, and RFI removal is the first step of our data reduction
process. We first excise strong and broad RFI from the whole bandpass by removing spectral values
more than 5 times the spectral rms about the median value, which is obtained using a median filter
of width 300 channels. The spectral rms is calculated from RFI free channels in the velocity range
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of −300 to −200 km s−1 and +200 to +300 km s−1. During line stacking (Section 2.2), we apply a
second median filter to the twelve sub-bands. This median filtering is done to remove any weak and
narrow RFI that remains. We use filter criteria of 15 channels in width and 10 times of the spectral
rms. The RRL signal remains unaffected with this filtering.
After stacking, some spectra show strong baseline ripples or abnormal noise not
identified by the median filter method. We set an rms threshold of 3mJy to remove
such stacked spectra from further analyses. Spectra with strong continuum sources also
have high rms noise. So as to not exclude such spectra, which also frequently have true
line emission, we calculate the ratio of the rms from the central portion of the spectra
(from −200 to +200km s−1) to that of the edges. We keep the stacked spectra that have
an rms greater than 3mJy when their center to edge rms ratio is greater than 1.5.
About 7% of the spectra are so affected.
3. THE CATALOG OF H ii REGIONS
SIGGMA provides an unbiased look at the RRL properties of discrete H ii regions. Using Wide-
Field Infrared Survey Explorer (WISE) data, Anderson et al. (2014) created a catalog of over 8000
Galactic H ii regions and H ii region candidates by searching for their characteristic mid-infrared
(MIR) morphology. This catalog is called the “WISE catalog of Galactic H ii regions” (hereafter
simply the “WISE catalog”). The WISE catalog contains four types of objects, labeled as the
“known”, “group”, “candidate”, and “radio quiet.” “Known” regions have previously-detected RRL
or Hα emission, “group” regions are associated with known regions but lack spectroscopic observa-
tions, “candidate” regions have radio continuum and MIR emission but no ionized gas spectroscopic
detections, and “radio quiet” regions only have MIR emission with the characteristic H ii region
morphology. The WISE catalog provides the known properties of its sources, such as their radii,
distances, local standard of rest (LSR) velocities, etc.
We extract the spectrum toward WISE catalog H ii regions from SIGGMA data by averaging
SIGGMA spectra over each source’s areal extent as defined in the catalog. Then we perform an
automatic Gaussian fitting on the averaged spectrum of each source. We perform these fits over the
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LSR velocity range from −10 km s−1 to +120 km s−1, and allow RRL line FWHM values of 12 km s−1
to 100 km s−1. We only count as detections lines with S/N ≥ 5. Because the weaker Helium RRLs do
not meet this signal-to-noise criterion, even for the brightest regions in the survey, they are naturally
excluded. Carbon RRLs are excluded from the fits by the velocity and line width range we used. We
verify the results of the automatic Gaussian fitting by eye and perform fits to spectra
lacking automatic fits that are clearly real detections but whose line parameters fall
outside the ranges used above.
We use a chi-square test and an F-test to evaluate the fitting of multiple velocity component. For
each spectrum, we perform one-, two-, and three-component Gaussian fits separately, and calculate
the reduced chi-square values. If the one-component Gaussian fit has the smallest reduced chi-square
value that is larger than unity, we confirm it as the best fitting. If the multi-component (two or
three) Gaussian fits have the smallest larger-than-unity reduced chi-square value, we use an F-test
to assess if it is significantly better than the fits with fewer components. If the calculated F-test
probability is less than 0.05, we confirm it as the best fitting. Otherwise, we confirm the fit with one
fewer components as the best fitting.
Within the survey zone of SIGGMA, there are 329 “known” H ii regions. We detected H-RRLs in
the direction of 244 known H ii regions; 61 have two velocity components and 7 have three velocity
components. Figure 5 shows good agreement between SIGGMA line velocities with respect to LSR
and those compiled in the WISE catalog. Table 2 lists the first 10 rows of RRLs detected toward
“known” WISE H ii regions. Columns 1, 2, and 3 give the region names with their Galactic coordi-
nates. Columns 4, 5, and 6 show the fitted line profile parameters. Columns 7 and 8 are the rms and
S/N of the spectrum. We provide the full catalogue in Table 6 in Appendix A.
We also provide line parameters in the direction of “candidate” H ii regions, for which no ionized
gas spectroscopic detections exist in the literature. There are 165 “candidate” sources observed by
SIGGMA, of which we detect RRL emission in the direction of 79. We give the first 10 samples of
SIGGMA detected “candidate” H ii region RRL properties in Table 3 (see Table 7 in Appendix A
for the full “candidate” catalogue).
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Figure 5. Known H ii region RRL VLSR values compared with those derived in SIGGMA data. The dashed
line shows a 1:1 relationship.
There are two main reasons for non-detections towards known H ii regions. Three fourths of the 85
non-detected known H ii regions have angular sizes less than 2′, while the ALFA beam is 3′.4. The
emission from these targets may be beam-diluted. Also, one can see from the actual data coverage
of the survey (see Figure 1), that there are considerable blank areas, and many non-detections may
fall within these areas, although they are within the nominal SIGGMA observational zone. It is
possible that RRL detections toward a source come from nearby regions within the telescope beam,
or from diffuse ionized gas along the line of sight. We therefore note in the Tables which SIGGMA
detections arise from positions with multiple “known” or “candidate” H ii regions within the ALFA
beam. We also note cases where integrating over the entire H ii region also includes positions from
overlapping “known” or “candidate” H ii regions. Sources in the “group” sample are found toward
known regions, which confuses the interpretation of their spectra. We therefore do not provide line
parameters for group H ii regions. We also do not provide line parameters for the radio quite sample
as the SIGGMA line emission is too faint for detections.
Due to baseline structure in SIGGMA data, the line parameters for faint H ii regions can be difficult
to determine (see Section 2.4). In Table 6 and 7 there are some items with line width > 50 km s−1,
which are not typical values toward H ii regions. Although the detection criterion of S/N > 5 should
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result in reliable detections, bad baselines may introduce uncertainty in the derived line parameters.
We checked the broad line profiles by eye and removed the ones that had characteristics similar
spectra with bad baselines. We did keep some broad lines, which may be blended line components
not separable with our rather low velocity resolution.
There are also sources with FWHM ≤15 km s−1 in Table 6 and 7. Anderson et al. (2018) reported
narrow-RRL detections with FWHM <10 km s−1 from large angular size H ii regions. They suggested
that the narrow lines could come from interactions with molecular clouds or from partially ionized
zones within the H ii region PDRs. They also indicated that the narrow-RRL components may
be caused by WIM along the line of sight, because the narrow-RRL sources in their study always
have multiple velocity components. Similarly, most of the narrow SIGGMA detections have multiple
velocity components, which favors the WIM-related interpretation. However, it is also possible that
the narrow lines are emitted by H ii regions, within which the emitting gas has low turbulence.
4. DISTRIBUTIONS ALONG THE GALACTIC PLANE
4.1. RRL intensity
Figure 6 shows the RRL integrated intensity maps in 20 km s−1 intervals, smoothed to 5′×5′ pixels.
We can see both individual bright sources and extended structure in these maps. RRL detections
in the range 65◦ ≤ ℓ ≤ 70◦ are rare. We only detect one H ii region candidate within this range,
which is listed Table 7. Some bright sources that appear at all velocity ranges are caused by baseline
distortions from their strong continuum emission. The two bright spots centered at G34.8−0.3 and
G34.6−0.6 are introduced by the broad line profile observed toward the SNR W44 (see Section 6).
Figure 7 shows the longitude-velocity diagram of RRL intensity. We smooth the SIGGMA data
cube to 1◦ resolution in Galactic longitude, and integrate over |b| ≤ 0◦.5. The vertical stripes are
due to bright massive star formation regions. Since RRLs are ∼ 25 km s−1 wide, they have a large
vertical extent in this figure. For comparison with the molecular gas, we overlap the CO 1 − 0
emission (Dame et al. 2001) integrated over the same Galactic latitude range. The RRL and CO
emission are both bright around massive star formation region complexes, but on the whole there is
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Table 2. RRL emission from “known” H ii regions
Name l b Peak VLSR FWHM RMS S/N
◦ ◦ mJybeam−1 kms−1 km s−1 mJybeam−1
G032.800+00.190 32.800 +0.190 9.16 ± 1.01 14.9 ± 1.2 22.1 ± 2.8 1.65 8.9
G032.823+00.072a 32.824 +0.072 30.40 ± 2.89 106.7 ± 1.2 25.3 ± 2.8 2.76 19.0
G032.835+00.017 32.835 +0.017 191.52 ± 22.13 109.8 ± 1.8 33.3 ± 4.8 28.51 13.2
G032.982−00.338 32.983 −0.338 17.08 ± 2.16 50.8 ± 1.2 20.6 ± 3.3 2.56 10.3
G033.051−00.078 33.051 −0.078 26.21 ± 1.76 103.9 ± 0.9 28.0 ± 2.3 0.77 61.2
G033.080+00.073 33.080 +0.073 11.65 ± 0.97 102.2 ± 1.1 27.8 ± 2.7 1.22 17.3
G033.142−00.088a 33.142 −0.087 20.93 ± 1.52 103.2 ± 0.9 26.4 ± 2.2 1.19 30.9
G033.176−00.016 33.176 −0.015 27.82 ± 2.09 105.1 ± 1.0 26.2 ± 2.3 1.63 29.9
G033.205−00.013 33.205 −0.012 14.64 ± 2.52 106.5 ± 1.1 13.1 ± 2.6 2.46 7.4
G033.263+00.066 33.263 +0.067 11.51 ± 1.06 111.3 ± 1.9 42.2 ± 4.5 1.40 18.2
a. Detections arise from positions with multiple “known” or “candidate” H ii regions within the ALFA
beam.
a poor correlation between the CO and RRL gas. The strong feature at Galactic longitude of 34◦ is
caused by the SNR W44 (see Section 6) and some features in the negative velocity range are from
carbon and helium RRLs.
4.2. Free-free emission
Although radio continuum data for the Galactic plane at 1.4 GHz have contributions from both
thermal and non-thermal sources, RRL emission reveals only the thermal component. Alves et al.
(2012) described the derivation of the Galactic free-free emission using their RRL observations.
Similarly, one can also calculate the continuum temperature of thermal emission, by assuming an
electron temperature, which is expressed as (Mezger & Henderson 1967a; Lockman & Brown 1978;
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Table 3. RRL emission from “candidate” H ii regions
Name l b Peak VLSR FWHM RMS S/N
◦ ◦ mJybeam−1 km s−1 km s−1 mJybeam−1
G033.024−00.366 33.025 −0.366 26.15 ±2.02 50.8 ±1.2 28.2 ±3.0 2.61 18.2
33.025 −0.366 11.14 ±1.76 104.6 ±3.5 43.1 ±11.0 2.61 9.6
G033.306−00.150a 33.307 −0.150 8.23 ±0.70 106.8 ±1.2 28.4 ±2.8 0.55 27.5
G033.734−00.316a 33.735 −0.315 5.34 ±0.68 52.7 ±1.2 20.3 ±3.3 0.71 11.6
G034.130−00.174b 34.131 −0.173 12.77 ±0.78 50.1 ±0.6 28.1 ±2.0 0.71 32.4
34.131 −0.173 3.12 ±0.89 90.7 ±1.8 15.7 ±5.3 0.71 5.9
G034.174−00.086b 34.175 −0.085 10.50 ±0.99 48.2 ±0.9 29.1 ±3.2 0.80 24.3
34.175 −0.085 4.59 ±1.06 92.2 ±1.3 13.1 ±3.8 0.80 7.1
G034.190−00.063b 34.191 −0.063 10.26 ±0.90 48.9 ±0.8 30.8 ±2.8 0.74 26.4
34.191 −0.063 4.32 ±0.92 90.5 ±1.2 14.3 ±3.6 0.74 7.6
a. Detections arise from positions with multiple “known” or “candidate” H ii regions within the ALFA
beam.
b. Detections integrated over the entire H ii region also includes positions from overlapping “known” or
“candidate” H ii regions.
Quireza et al. 2006):
TC =
(1 + 0.08)
6985
· a(Te) · T
1.15
e · ν
−1.1
GHz ·
∫
TLdV, (1)
where V is in km s−1, a(Te) ≃ 0.97 at 1.4GHz, and νGHz is 1.4 in our case. This equation assumes
a helium to hydrogen ionic abundance of 0.08. Using Equation 1 we compute the radio continuum
temperature from thermal free-free emission alone using the SIGGMA integrated intensity (moment
0) maps, and assuming an constant electron temperature of 8000K. Figure 8 shows the result of the
thermal emission along the Galactic plane. The figure is smoothed to 0◦.5 × 0◦.5 resolution. The
free-free emission intensity follows the distribution of known sources, which are mostly H ii regions.
We also compare the SIGGMA TC map (Figure 8) with that derived from RRL HIPASS (see Figure
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Figure 6. Integrated RRL intensity maps over various velocity ranges.
7 in Alves et al. 2015). The overlapping Galactic longitude range for the two surveys is from 52◦ to
32◦. We find that all of the free-free emission revealed in the RRL HIPASS map has corresponding
features in the SIGGMA map, although more detailed and weaker features are identified by SIGGMA
due to its higher angular resolution and sensitivity.
To examine the general trend of the thermal emission as a function of Galactic longitude, we plot
the flux averaged over |b| ≤ 1◦ (see Figure 9). The median flux is less affected by bright star-forming
regions, and therefore better traces the overall emission from the Galactic plane.
5. CARBON RRL EMISSION REGIONS
C-RRLs are offset by ∼ −150 km s−1 from H-RRLs for the same principal quantum numbers. SIG-
GMA detects H-RRL emission mostly from the velocity range of ∼ −10 to +150 km s−1(cf. Figure 7).
16 Liu et al.
Figure 7. Longitude-velocity map of SIGGMA data (color) with CO contours from the survey of
Dame et al. (2001). The contour levels are 0.01, 1.0, 7.5, 15.0, 22.5, 30.0, 37.5, 45.0, 52.5, and 60.0
K.
To identify C-RRL emission regions, we modify the SIGGMA data cubes by shifting the velocity to
center at the C-RRL rest frequency. We create C-RRL moment maps from the shifted cubes and
detect C-RRL emission from 11 spatial locations. We obtained the averaged C-RRL and H-RRL
spectra for each region defined by the central emitting area where the C-RRL S/N ≥ 5. Table 4
contains information about the C-RRL regions. In this table, we list the region name, the Galactic
coordinate centroid, the angular size, the WISE catalog of H ii regions that are spatially coincident,
the velocity integrated C-RRL intensity, the C- to H-RRL integrated intensity ratio, and a qualitative
assessment of the C-RRL data quality (A=highest quality, C=low quality). The H-RRL integrated
intensity is the product of the fitted line peak intensity and the FWHM. Since the line widths for
C-RRLs are generally . 10 km s−1, the SIGGMA velocity resolution likely broadens the C-RRLs and
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Figure 8. Free-free continuum intensity. TC is calculated following Equation 1, using the SIGGMA H-RRL
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Figure 9. Free-free continuum intensity as a function of Galactic longitude. The red line is the mean
temperature over |b| ≤ 1◦. The blue line is the median value over the same range.
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decreases their intensities. We thus provide integrated line intensities in Table 4 instead of peak line
intensities.
Carbon RRL emission is thought to arise from PDRs, and can be used to investigate PDR prop-
erties (Pankonin et al. 1977; Natta et al. 1994; Roshi 2007, etc.). In some cases the carbon RRL
emission is found to be associated with cold H i regions (Roshi & Kantharia 2011). Polycyclic aro-
matic hydrocarbon (PAH) molecules in PDRs emit at 8.0µm (Watson et al. 2008, 2009), and we
therefore expect a good agreement between C-RRL and 8.0µm emission. We compare the C-RRL
emission distribution with the Spitzer 8.0µm IR data from the Galactic Legacy Infrared Midplane
Survey Extraordinaire (GLIMPSE) Legacy Program (Benjamin et al. 2003; Churchwell et al. 2009).
Figure 10 gives an example of those C-RRL regions. We also include in this figure 4.5µm and 24µm
Spitzer data from the GLIMPSE and MIPSGAL surveys (Carey et al. 2009). This figure shows the
spectral grid overlying the integrated C-RRL intensity map, and contours of the integrated C-RRL
emission over the Spitzer three-color map (red: 24µm, green: 8µm, blue: 4.5µm). For the source
G34.2+0.2, the integrated C-RRL distribution matches with the corresponding H ii region as defined
by the IR emission. Comparing Figure 10 (b) and Figure 10 (d), we can see an offset of the C-RRL
emission peak from that of the H-RRL emission. This may imply the PDR origin of the C-RRL
emission. We note that the offset is less than half of the ALFA beam size. Thus the uncertainty of
the offset may be considerable. We find an extended C-RRL structure to the north, but the 8.0µm
emission is weak there, making the PDR origin of this emission doubtful. However, the weak distri-
bution above 0.3◦ in Galactic latitude is possibly an artifact of baseline noise. Further observations
are needed to confirm that this feature is real. See Figure set 1 in the online journal for more
figures of detected C-RRL regions. For G34.7−0.6 and G35.1−0.7 (in Figure set 1), we see
the C-RRL emission regions are offset relative to the H ii regions. Alves et al. (2015) has detected
stronger C-RRL emission outside the continuum peaks of H ii regions towards W41 (G23.4+0.0) and
W42 (G25.3-0.1). The background of spectral grid maps of some C-RRL regions show that many
of the C-RRL emission regions have an annular structure, with stronger emission regions surround-
ing weaker emission regions (see figures of G38.9−0.4, G53.6+0.0, G60.9−0.1, G61.4+0.1,
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and G63.1+0.4 in Figure set 1). This may imply the emission feature from PDRs, although the
morphologies do not agree with that seen at 8.0µm, the wavelength commonly used to identify PAH
emission from PDRs (Watson et al. 2009).
Table 4. C-RRL emission regions
Name l b Radiusa H ii Region
∫
ICRRLdV C/H
b Qualityc
deg. deg. deg. Jy km s−1
G34.2+0.2 34.24 +0.15 0.05 G034.256+00.136 (NRAO584) 0.07 0.03 B
G34.7−0.6 34.73 −0.58 0.05 G034.757−00.669 0.15 0.03 C
G35.1−0.7 35.12 −0.71 0.03 G035.126−00.755 0.12 0.38 B
G38.9−0.4 38.93 −0.42 0.05 G038.926−00.389 0.03 · · · d B
G43.2−0.0 43.16 −0.00 0.05 G043.170−00.004 (W49A) 0.58 0.08 A
G45.5+0.0 45.46 +0.07 0.05 G045.453+00.044 (K47) 0.10 0.08 B
G49.5−0.4 49.49 −0.40 0.05 G049.484−00.391 (W51A) 0.83 0.07 A
G53.6+0.0 53.57 +0.02 0.03 G053.541−00.011 0.05 0.50 B
G60.9−0.1 60.88 −0.11 0.05 G060.881−00.135 (S87) 0.03 0.30 A
G61.4+0.1 61.44 +0.13 0.05 G061.473+00.094 (S88) 0.24 0.24 B
G63.1+0.4 63.14 +0.38 0.05 G063.164+00.449 (S90) 0.10 0.06 C
a. The radius of the region, which is used to produce the averaged spectrum.
b. Integrated intensity ratio of H-RRL and C-RRLs.
c. Qualitative metric of data quality (A=high quality, C=low quality)
d. There is no valid H-RRL detection since a H-RRL signal is in the off position.
6. RRLS TOWARD GALACTIC SUPERNOVA REMNANTS
SNRs are non-thermal radio sources, and are not expected to have strong RRL emission.
Downes & Wilson (1974) conducted a survey of H134α toward SNRs using the Effelsberg 100-m
telescope and reported few detections save for toward W49B. Several other SNRs have RRLs de-
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(a) SIGGMA spectral grid (b) Infrared color map
(c) SIGGMA spectral grid (d) Infrared color map
Figure 10. The C-RRL region G34.2+0.2. (a) The C-RRL grid with velocity from −50 to +150 kms−1.
The background is the integrated C-RRL intensity over 30 to 70 km s−1. (b) The IR RGB map (r: 24µm,
g: 8µm, b: 4.5 µm) overlaid with integrated C-RRL contours. The contour levels are 2, 4, 6, 8, 10, 12, 14,
16 mJybeam−1 kms−1. (c) The H-RRL grid with velocity from −50 to +150 km s−1. The background is
the integrated H-RRL intensity over 0 to 100 km s−1. (d) The IR RGB map (r: 24µm, g: 8µm, b: 4.5µm)
overlaid by integrated H-RRL contours. The levels are 0.2, 0.4, 0.6, 0.8, 1, 1.2, 1.4, 1.6 Jybeam−1 kms−1.
The circles in panels (a) and (c) illustrate the area over which the C-RRL and H-RRL spectra
were averaged.
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tected in their directions, namely: H166α toward W44 (Bignell 1973), H-RRLs toward 3C391 and
W49B (Cesarsky & Cesarskly 1973a; Pankonin 1975). Cesarsky (1976) also reported C-RRL detec-
tions (C157α) toward five Galactic SNRs.
We examine RRL emission in the direction of Galactic SNRs with SIGGMA data. Green (2014,
hereafter the “Green catalog”) lists 32 SNRs in the SIGGMA survey zone. Some SNRs with large
radii are faint and some are cospatial with one or more H ii regions; these are not ideal candidates for
SIGGMA RRL detections. By examining the continuum emission at 1.4GHz from the VLA Galactic
Plane Survey (VGPS, Stil et al. 2006), we determine the angular extent and then extract the mean
spectrum from SIGGMA data for each of the remaining 14 isolated SNRs (see Table 5). To
avoid RRL signal from diffuse ISM when averaging, we averaged over rather compact regions instead
of the entire angular extent given in the Green catalog. We then fit the averaged spectrum for each
source using the same Gaussian fitting technique as we applied to the H ii regions. In Table 5, we
list the names of the SNRs, the Galactic coordinate of the central region and its radius, the LSR
velocity of the peak H-RRL emission components, the FWHM of the RRL velocity components, and
the calculated near and far kinematic distances using the Reid et al. (2014) rotation curve. For all
regions, one of the two kinematic distances agrees well with the distance from the literature.
The line widths of the detected H-RRLs toward SNRs are broad. This implies that the temperature
and/or turbulent motions of the plasma are higher than that of H ii regions. The broad line width,
however, makes the signal more likely to be confused with baseline ripples. The high continuum
intensity of the SNRs may contribute to baseline issues. Uncertainties in derived RRL parameters
toward SNRs are therefore larger than those of H ii regions. The formal fitting errors of the line
profiles are relatively small compared to the larger uncertainties due to baseline structure; we do
not attempt to quantify the parameter uncertainties in Table 5. Most detected SNRs show a broad
line profile, with line widths > 50 km s−1. The agreement between the spectra of the different SNRs
implies that despite the baseline uncertainties, these detections are real.
Early studies have posited three possible origins for RRL emission in the direction of SNRs. Bignell
(1973) studied the RRL emission towards W44 and suggested that the observed H166α emission
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may be due to gas associated with and ionized by the supernova explosion of W44. By com-
paring the RRL intensity and the low-frequency absorption toward 3C391, Cesarsky & Cesarsky
(1973b) suggested that the RRL emission could possibly originate in cold ISM (Te ≤ 400K). How-
ever, Pankonin & Downes (1976) investigated RRLs toward W49B and concluded that the spectral
lines were likely from low-brightness H ii regions along the line of sight. These former studies on 3C391
and W49B indicate that stimulated emission may be a possible origin for RRLs in the direction of
SNRs at frequencies ≤ 2GHz.
Figure 11 shows the RRL detection toward SNR G34.7−0.4 (W44) with the SIGGMA spectral grid
overlaid on the integrated H-RRL intensity map (left) and VGPS continuum with integrated RRL
contours overlaid (right). The spectral profiles vary over the source. Within the central region, the
lines are broad with strongly varying peak intensities. At the northeast and southeast edge there are
H ii regions (blue circles in Figure 11 (b)), the spectra are combinations of broad and narrow Gaussian
features. The H-RRL morphology has a ring-like shape around the periphery of the SNR, indicating
that a shell of gas around the expanding edge of W44 may be ionized by photons produced by the
supernova explosion. W44 is located adjacent to giant molecular clouds (Denoyer 1983) that have
shell-like morphologies (Jones et al. 1993). The interaction between W44 and the dense molecular
clouds is revealed by the presence of shocked molecular gas (Seta et al. 2004; Reach et al. 2005).
Figures for the other SNRs listed in Table 5 are given in Figure set 2 in the online
journal.
Since SIGGMA data are of low frequency (1.4GHz) RRL emission and thermal emission from SNRs
is rare (Cruciani et al. 2016), the SIGGMA-detected RRLs toward SNRs are likely due to stimulated
emission from the background synchrotron radiation of the SNRs. The RRL-emitting gas may be
physically associated with the SNRs, or could exist somewhere else along the line of sight. The
morphology of the RRL emitting regions toward the SNR sample, as well as their velocities and line
widths, may allow for more detailed studies on the origin of RRLs toward SNRs.
7. INDIVIDUAL RRL EMISSION REGIONS
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Table 5. H-RRL detections toward SNRs
GNamea Other Name l b Radius VLSR FWHM DN DF D Quality
b
deg. deg. deg. km s−1 km s−1 kpc kpc kpc
G33.6+0.1 Kes 79 33.67 +0.03 0.11 106.3 26.1 6.4 7.5 7.1[1] C
G34.7−0.4 W44 34.67 −0.42 0.32 47.7 114.3 2.9 10.8 2.9[2] B
49.4 11.6 3.0 10.7
138.0 80.0 6.8 6.8
G35.6−0.4 35.60 −0.43 0.13 53.7 23.5 3.2 10.3 3.6[3] A
G36.6−0.7 36.59 −0.69 0.28 40.6 64.4 2.5 10.8 · · · B
57.5 20.2 3.4 9.9
146.0 71.5 6.7 6.7
G39.2−0.3 3C 396 39.23 −0.32 0.08 12.8 34.0 0.8 9.2 ≤ 11.3[4] A
61.2 24.5 3.7 9.2
G40.5−0.5 40.51 −0.51 0.23 45.3 36.1 2.8 9.8 · · · C
G41.1−0.3 3C 397 41.12 −0.31 0.05 62.1 24.5 3.8 8.7 10.3[5] A
G41.5+0.4 41.46 +0.39 0.12 19.2 18.2 1.3 11.2 10.3[6] A
G43.3−0.2 W49B 43.27 −0.19 0.07 9.1 42.5 0.6 11.5 7.5[1],10[7] A
62.7 24.7 4.1 8.0
G45.7−0.4 45.56 −0.35 0.21 65.1 18.6 4.8 6.8 · · · B
86.5 100.4 5.8 5.8
G46.8−0.3 HC 30 46.77 −0.27 0.16 60.2 25.3 4.4 7.0 6.4[1] C
G49.2−0.7 W51C 49.14 −0.61 0.22 62.3 41.2 5.4 5.4 6[1] A
122.8 51.8 5.4 5.4
G54.4−0.3 HC 40 54.47 −0.29 0.38 43.6 15.5 4.1 5.6 3.3[1],6.6[8] B
G57.2+0.8 4C21.53 57.24 +0.82 0.10 106.1 39.8 4.5 4.5 · · · B
a. Names are defined using the Galactic coordinates given by Green (2014).
b. Qualitative metric of data quality (A=high quality, C=low quality)
REFERENCES: [1] Case & Bhattacharya (1998);[2] Seta et al. (1998);[3] Zhu et al. (2013);[4] Caswell et al.
(1975); [5] Safi-Harb et al. (2005); [6] Pavlovic et al. (2014); [7] Zhu et al. (2014); [8] Ranasinghe & Leahy
(2017).
SIGGMA data can reveal information not apparent in single-pointing RRL observations. To illus-
trate this, we present the RRL analysis of two large star-forming regions, W49 and W51 (Westerhout
1958).
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(a) SIGGMA spectral grid (b) VGPS 1.4GHz continuum map
Figure 11. The H-RRL emission toward SNR: G34.7-0.4. (a) The SIGGMA spectral grid with the velocity
range from −300 to +300 km s−1. The background is the 0th moment H-RRL map over 0 to +150 kms−1.
The white circle is the central region of the SNR. (b) The VGPS 1.4GHz continuum map overlaid by
integrated RRL contours. The contour levels are 0.5, 1, 2, 3, 4, 5, 6, 7 Jy beam−1 km s−1. The blue circles
indicate the location of known H ii regions from the WISE catalog.
7.1. W49
The W49 star-forming complex can be separated into sub-regions W49A and W49B (Mezger et al.
1967c). W49A is among the most luminous star formation complexes in the Galaxy and is located at a
distance of 11.11+0.79
−0.69 kpc reported by Zhang et al. (2013) from trigonometric parallax measurements
of H2O masers. W49B is a SNR whose centroid is ∼ 12
′ from that of W49A (Lacey et al. 2001). In
the W49A region, there are compact radio sources with RRL emission that are embedded in diffuse
ionized gas (De Pree et al. 1997, 2004). Although W49A has many embedded ultra-compact H ii
regions, due to beam dilution much of the RRL emission observed by SIGGMA likely arises mostly
from diffuse gas. Also, at L-band, compact H ii regions may be optically thick and therefore may
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not contribute as much to the observed RRL emission as they do at higher frequencies (Kim & Koo
2001; Wood & Churchwell 1989).
Figure 12 (a) shows the SIGGMA RRL spectral grid for the W49 complex. RRL emission is
detected over the entire region. In addition to the known velocity of W49A, ∼ 10 km s−1, there is
a second velocity component around ∼ 60 km s−1 found toward both W49A and W49B (Figure 12
(b)). This 60 km s−1 component has been detected previously. Downes & Wilson (1974) reported
the RRL detection in the direction of W49B with a LSR velocity of 65 km s−1. Pankonin (1975)
also detected RRL emission toward W49B at an LSR velocity of 60 km s−1. Anantharamaiah (1986)
detected a RRL velocity of 63 km s−1 toward W49A (G43.2-0.1). Figure 12 panels (c) and (d) show the
RRL intensity contours of the two velocity components overlaid on top of VGPS continuum data.
The 60 km s−1 RRL component is also found toward W49A, although some of its intensity could
arise from the line wing of 10 km s−1 component. The peak emission of both velocity components is
approximately at the location of maximum VGPS continuum intensity for W49A. The location of
peak H-RRL intensity for both components is offset to the east of the VGPS peak of W49B.
The existence of two H-RRL velocity components toward the W49 complex is puzzling. The
kinematic distance for W49A from the 10 km s−1 component, 11.4 kpc agrees with the known dis-
tance for this region, 11.1 kpc so we can assume that the 10 km s−1 component comes from gas
about 11 kpc away. Previous H i absorption studies suggested W49B lies at a distance of ∼ 8.0 kpc
(Moffett & Reynolds 1994) or∼ 11.4 kpc (Brogan & Troland 2001). Recent work by Zhu et al. (2014)
assigned a kinematic distance of ∼ 10 kpc for W49B based on the detection of CO emission at a ve-
locity of 40 km s−1. As mentioned in Section 6, Pankonin & Downes (1976) attributed the 60 km s−1
RRL to extended H ii regions, which is consistent with the extended emitting morphology seen in
SIGGMA data. It is also possible that the 60 km s−1 component is due to the local velocity structure
associated with the expanding motion of W49B. In this scenario, one would expect to observe a shell
of RRL emission surrounding W49B, as may be seen in Figure 12 (d). However, the line width we
observe for this velocity component is similar to that of other H ii regions; we would expect it to be
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broadened if the ionized gas is expanding. Thus we do not believe that this velocity component can
be explained by expansion.
To determine if the 60 km s−1 component is associated with W49B, we analyze VGPS H i data in
its direction. We extract the integrated H i VGPS spectrum toward a portion of W49A and W49B.
We did not extract spectra toward the brightest portions of these regions so that the average spectra
are not saturated. We see H i absorption from all gas in foreground to the bright continuum sources.
The upper spectrum in Figure 13 shows that there is H i with velocities from 0−70 km s−1 along the
lines of sight toward W49A and W49B. The lower spectrum is the difference of the H i absorption
between W49A and W49B. The negative dips in the lower panel therefore represent the velocities of
gas that is foreground to W49A, but that lies behind W49B.
Essentially all velocities where W49A shows absorption have corresponding absorption for W49B,
except near 10 km s−1 and possibly near 60 km s−1. We conclude from this analysis there is H i at
10 km s−1 that lies in between W49A and W49B, and therefore that W49B itself lies foreground
to W49A. The 60 km s−1 gas may also lie in between W49A and W49B, although in this case the
situation is more unclear due to the smaller difference in the H i spectra. We see H i absorption at
60 km s−1 from both W49A and W49B with different optical depths in the upper panel in Figure 13.
A possible scenario is that the 60 km s−1 H i gas is located at the tangent point in the foreground
of the W49 complex. At the tangent point, velocity crowding would increase the signal from diffuse
gas. Since we only see the 60 km s−1 component in the direction of the continuum peaks, it is likely
stimulated by W49A and W49B.
7.2. W51
The W51 region is another enormous first-quadrant star formation complex. It is located near the
tangent point in the Sagittarius Arm at a distance of 5.41+0.31
−0.28 kpc measured by using maser trigono-
metric parallax (Sato et al. 2010). W51 is grouped into three sub-regions: W51A, W51B, and W51C.
W51A and W51B are massive star-forming regions, whereas W51C is a SNR (Subrahmanyan & Goss
1995). Pointed RRL observations toward W51 have been carried out (i.e. Mezger & Ho¨glund 1967b;
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(a) Integrated RRL intensity map overlaid with
spectral lines.
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Figure 12. SIGGMA observations of the W49 complex. W49A is centered around G43.2+0.0 and W49B is
to the southeast centered around G43.3-0.2. (a) The RRL spectral grid. The background image is of RRL
integrated intensity integrated over the velocity range from 0 to 70 km s−1. (b) The spectra of W49A and
W49B, which are averaged over radius from the WISE catalog for W49A and the radius given in Table 5
for W49B. The line intensity of W49B is enlarged by factor of 2 so that its detail can be seen. (c) and (d)
are the SIGGMA integrated intensity RRL contours overlaid on VGPS 1.4GHz continuum data. The 3.4′
diameter circles show the ALFA beam size. The SIGGMA data were integrated over 0 to +20 km s−1 (panel
c) and +50 to +70 km s−1 (panel d). The SIGGMA contour levels are at values of 0.05, 0.1, 0.2, 0.4, 0.6,
1.0, 1.4, and 1.8 Jybeam−1 km s−1 for (c) and 0.05, 0.1, 0.2, 0.4, and 0.6 Jy beam−1 km s−1 for (d).
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Figure 13. H i absorption spectra toward W49A and W49B (top), and the difference in H i absorption
between the two regions (bottom). The absorption features in the bottom panel may arise from gas in
between W49A and W49B.
Terzian & Balick 1969; Pankonin et al. 1979; Roelfsema & Goss 1992; Anderson et al. 2011), showing
that it can be decomposed into multiple discrete H ii regions.
Similar to W49, much of the SIGGMA RRL emission toward W51 is likely due to diffuse gas rather
than from compact H ii regions. Figure 14 shows the comparison of the integrated RRL contours
from SIGGMA, with 1.4GHz continuum from the VGPS (blue), and IR data from Spitzer (8µm in
green and 24 µm in red). The IR emission, which arises from dust and PAHs, is strongly associated
with the H ii regions. The RRL contours traces the strong IR emission and also shows some RRL
emitting regions where the IR emission is not obvious. To the west of W51B in Figure 14 (around
G48.5−0.2), RRLs are detected from diffuse ionized gas, which shows a bubble-like feature in the
IR. One can see the spectral grid of C-RRL emission toward W51A and part of W51B
in Figure set 1 (figure of G49.5−0.4), and the integrated H-RRL contours of the W51C
region in Figure set 2 (figure of G49.2−0.7).
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As we saw for other SNRs, there is strong RRL emission toward W51C (Figure 14), which is bright
in 1.4GHz continuum, but weak in the IR. Figure 15 (a) shows the averaged RRL spectra from
W51A, W51B, and W51C. The tangent velocity in the direction of W51 is ∼ 60 km s−1. The LSR
velocities of SIGGMA-detected RRLs toward W51A, W51B, and W51C are 62.8 km s−1, 66.4 km s−1,
and 62.3 km s−1, indicating that they are all probably part of a large star formation complex in a large
molecular cloud. This agrees well with the comprehensive studies in the literature (Mufson & Liszt
1979; Mehringer 1994; Brogan et al. 2013). Besides the primary ∼ 60 km s−1 velocity component,
the spectral line toward W51C also shows a broad profile, which is a common feature among the
SIGGMA detections toward other SNRs.
Koo & Moon (1997a,b) studied the interaction between W51C and a nearby molecular cloud. From
the interface between the SNR and the surrounding molecular cloud, they found emission line compo-
nents of CO and HCO+, as well as H i, at a velocity of around 100 km s−1. Coincidentally, the broad
RRL component is at 122.8 km s−1 toward W51C. In addition, we can see a bump around −20 km s−1
in the W51C spectrum (Figure 15 (a)) which shows no indication of being fictitious. The −20 km s−1
component may be C-RRL counterpart of the 122 km s−1 H-RRL, although the broad width of this
line is not consistent with it being from carbon.
In order to obtain a better understanding of the origin of the RRL in the direction of W51C, we
produce 0th and 2nd moment maps by averaging over three separated velocity ranges, which are −30
to 0, +10 to +90, and +120 to +150 km s−1 (Figure 15 (b)). From the middle-row maps, we see the
∼ 60 km s−1 RRL emitting region is covering the whole region uniformly. Towards the SNR W51C,
Figure 14 shows that the morphology of the 60 km/s RRL emitting region has a good correlation
with the background continuum. Thus, the 62.3 km s−1 component along the line of sight of W51C
might be from the stimulated emission from diffuse H ii gas within the W51 complex. The upper-
and lower-row maps show that the < 0 km s−1 and > +100 km s−1 line emitting components seem
to be encompassing the SNR, possibly indicating that RRLs originate from the post-shock ionized
gas located at the interface between the SNR and molecular gas. The ∼100 km s−1 velocity from
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the H-RRL is compatible with the velocity of an expanding shell estimated by Koo & Moon (1997a)
based on their H i analysis.
Figure 14. Three-color map of W51 with Spitzer 24 µm data in red, Spitzer 8 µm data in green, and VGPS
1.4GHz continuum data in blue. SIGGMA H-RRL integrated over 30 km s−1 to 90 km s−1 are overlaid at
levels of 0.05, 0.15, 0.3, 0.45, 0.6, 0.9, 1.2, 1.5, 1.8, and 2.1 Jy beam−1 km s−1. The blue circle shows the
location and extent of the SNR W51C as defined in the Green catalog.
8. SUMMARY
SIGGMA is the most sensitive large-scale RRL survey extent. The SIGGMA data fully sample the
RRL emission from ionized gas along the Galactic plane 32◦ ≤ ℓ ≤ 70◦, |b| ≤ 1◦.5. The average rms
level of the SIGGMA spectra is ∼ 0.65mJybeam−1 (∼ 6.5mK). Using the survey data observed with
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Figure 15. The SIGGMA RRL results of W51 region. (a) The averaged spectra of W51A, W51B and
W51C. (b) The 0th and 2nd moment maps with velocity ranges of −30 to 0, +10 to +90, and +120 to
+150 km s−1. The location and extent of SNR W51C as defined in the Green catalog is marked by the black
circles in the images.
a FWHM of 3′.4, we have produced RRL data cubes with a smoothed FWHM of 6′ and a velocity
resolution of 5.1 km s−1. Comparing with the previous studies within the survey zone, SIGGMA
provides RRL maps with the highest angular resolution. In this paper, we have summarized the
current status of the survey, discussed the data quality and processing technique, and presented first
survey results. The survey data are available online in standard fits files format. (Liu et al. 2018,
Dataset: http://doi.org/10.5281/zenodo.1432823)
By matching with the WISE catalog, we generate RRL spectra in the direction of 244 known and
79 candidate H ii regions. We analyzed the Galactic distribution of ionized emission and derived a
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thermal continuum map along the Galactic plane. Due to the observational strategy, SIGGMA data
are insensitive to large-scale emission from the WIM.
SIGGMA has catalogued unusually broad (FWHM ≥ 50 km s−1) and narrow (FWHM≤ 15 km s−1)
RRLs toward known and candidate H ii regions. Considering the qualities of SIGGMA spectra, it is
possible that these line widths are caused by observational artifacts. For example, the broad lines
may be due to incomplete baseline removal. The narrow lines, which are almost always found in
spectra with multiple components, may be introduced by the calibration. If there is a RRL signal at
a similar velocity in both the on- and off-source locations, the on-off spectrum may have a narrow
residual. This effect can be mediated by calibrating the spectra using a median filtering technique
(McIntyre 2013)3, although this method also introduces undesirable systematic effects into the data,
namely a reduction in peak line flux. Follow-up studies of the narrow and broad lines should be done.
If the detections are confirmed, they would imply extreme properties of ionized gas, possibly related
to expansion velocity and turbulence.
We detected 11 C-RRL emitting regions, all of which are co-spatial with known H ii regions. The
C-RRL distributions of these regions are well-matched with their morphologies at 8µm, which is a
good tracer for PDRs. The comparison supports a PDR origin of C-RRL emission. The occasional
mismatches, where C-RRL was detected with weak IR emission, suggests the possibilities of other
C-RRL forming regions far away from H ii region molecular cloud interfaces.
Previous studies have reported ∼ 5 RRL detections in the direction of SNRs. We detected the
RRL emission toward 14 Galactic SNRs within the SIGGMA region, nearly tripling the known
sample. Many of these detections have broad line components ≥ 40 km s−1. Thermal emission is not
commonly expected towards SNRs. The RRL emission may be from ionized gas that is physically
associated with the SNRs, or due to foreground diffuse ionized gas along the line of sight. For SNRs
with large FWHM RRL line widths, the former scenario is preferred since the broad line widths may
represent the expanding motion of local gas surrounding the SNRs. The spacial distribution of RRL
3 see http://www.naic.edu/~astro/aotms/performance/medianfiltering.pdf
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emission revealed by SIGGMA can be useful to identify its origin. Comparing the morphology of
the RRL emitting region with the non-thermal background of SNR, we can discuss the possibility of
stimulated RRL emission.
To illustrate the utility of SIGGMA data toward star formation complexes, we discussed results
toward the two bright star-forming complexes, W49 and W51. We detect two RRL velocity compo-
nents toward the W49 complex. Our analysis of the SNR W49B data suggest that the 10 km s−1 RRL
component is unlikely to be associated with the SNR. Although the origin of the 60 km s−1 is not clear,
it may be caused by stimulated emission of foreground diffuse ionized gas. RRLs in the direction of
SNR W51C were also detected by SIGGMA, with velocities of ∼ 60 km s−1 and ∼ 120 km s−1. The
∼ 60 km s−1 component toward the SNR W51C is similar to that of W51A and W51B. Stimulated
emission may again explain the strength of the 60 km s−1 component toward W51C, and the high
velocity component may indicate the expanding motion of local gas surrounding the SNR.
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Fig. Set 1. Figures of detected C-RRL emission regions.
Fig. Set 2.
Figures of detected H-RRL emission toward Galactic Supernova Remnants.
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APPENDIX
A. CATALOGUES OF DETECTED H ii REGIONS
Table 6. Catalog of 319 RRL detections towards 244
“known” HII regions from the WISE catalog
Name l b Peak VLSR FWHM RMS S/N
◦ ◦ mJybeam−1 km s−1 km s−1 mJybeam−1
G032.800+00.190 32.800 +0.190 9.16 ± 1.01 14.9 ± 1.2 22.1 ± 2.8 1.65 8.9
G032.823+00.072a 32.824 +0.072 30.40 ± 2.89 106.7 ± 1.2 25.3 ± 2.8 2.76 19.0
G032.835+00.017 32.835 +0.017 191.52 ± 22.13 109.8 ± 1.8 33.3 ± 4.8 28.51 13.2
G032.982−00.338 32.983 −0.338 17.08 ± 2.16 50.8 ± 1.2 20.6 ± 3.3 2.56 10.3
G033.051−00.078 33.051 −0.078 26.21 ± 1.76 103.9 ± 0.9 28.0 ± 2.3 0.77 61.2
G033.080+00.073 33.080 +0.073 11.65 ± 0.97 102.2 ± 1.1 27.8 ± 2.7 1.22 17.3
G033.142−00.088a 33.142 −0.087 20.93 ± 1.52 103.2 ± 0.9 26.4 ± 2.2 1.19 30.9
G033.176−00.016 33.176 −0.015 27.82 ± 2.09 105.1 ± 1.0 26.2 ± 2.3 1.63 29.9
G033.205−00.013 33.205 −0.012 14.64 ± 2.52 106.5 ± 1.1 13.1 ± 2.6 2.46 7.4
G033.263+00.066 33.263 +0.067 11.51 ± 1.06 111.3 ± 1.9 42.2 ± 4.5 1.40 18.2
G033.419−00.005 33.419 −0.004 14.86 ± 1.71 100.7 ± 2.0 35.6 ± 4.7 2.45 12.3
G033.809−00.186a 33.810 −0.185 25.78 ± 2.91 50.9 ± 1.0 18.7 ± 2.4 3.67 10.4
33.810 −0.185 14.74 ± 2.42 102.8 ± 2.2 27.1 ± 5.1 3.67 7.1
G033.809−00.190a 33.809 −0.190 25.78 ± 2.91 50.9 ± 1.0 18.7 ± 2.4 3.67 10.4
33.809 −0.190 14.74 ± 2.42 102.8 ± 2.2 27.1 ± 5.1 3.67 7.1
G033.882+00.057 33.882 +0.057 4.98 ± 0.41 59.3 ± 3.2 77.2 ± 7.4 1.23 12.1
G033.914+00.107 33.915 +0.108 7.72 ± 0.67 103.8 ± 2.5 57.3 ± 5.8 1.09 18.4
G033.941−00.039 33.942 −0.039 21.87 ± 1.34 62.1 ± 0.6 19.3 ± 1.4 2.04 16.1
